We propose a genome sequencing strategy, which is neither divide-and-conquer (clone by clone) nor the shotgun approach. Random PCR-based and PCR relay sequencing constitute the basis of this novel strategy. Most of the genome is sequenced by the former process that requires only a set of non-specific primers and a template DNA. Random PCR-based sequencing reduces redundancy in sequencing by exploiting known sequence information. The number of primers required for random PCR was significantly diminished by using a combination of primers. The former process can be partially replaced by the shotgun method, if necessary. The gap-filling process can be effectively performed by way of PCR relay. The feasibility of this strategy was demonstrated using the Escherichia coli genome. This strategy enhances the global effort towards genome sequencing by being available through the Internet and by allowing the use of preexisting sequence data.
Introduction
Genome sequencing projects are being accelerated. Momentous results have been achieved from studies of bacterial and yeast genomes. 1~3 Human genome projects in the USA and elsewhere seem to be making great advances. 4 ' 5 However, new strategies may yet be proposed. 6 " 12 Here, we propose a new strategy that may not only save a great deal of effort and cost, but also enhance our understanding of the genome. Most strategies so far applied to high-volume genome sequencing have been based on the notion of 'divide and conquer,' which fundamentally requires cloning and mapping. Though establishing a library of clones may offer advantages to subsequent research such as that of gene expression, it is not indispensable for genome sequencing especially when the equivalent effect might be obtained by PCR or by understanding the entire sequence of a genome. If an alternative were available, the laborious and time consuming steps of sequencing could be omitted. Whole shotgun approaches have been advocated for viral and bacterial genomes of around 2 Mb or less. 13 " 15 However, this approach may not be applicable to the human genome. 8 ' 10 ' 16 Here, we present a novel non-divide-andconquer strategy for genome sequencing. 17 ROSOR consists of three main steps: Setting multiple starting sites (anchoring sites) on genomic DNA to be sequenced by random PCR, 16 ' 19 succesive sequencing using DNA fragments (PCR-relay) prepared by single specific primer PCR 20 and rapid oligonucleotide synthesis. RGS is far simpler than ROSOR, since RGS requires considerably fewer oligonucleotide primers and it complements conventional oligonucleotide synthesis. The most important step in RGS (Fig. lb) , is sequencing based on random PCR. Sequence data obtained in this manner will accumulate and cover most of the genome to the extent of a (0 < a < 1). In RGS, the remainder of the genome sequence, I -a, can be determined by PCR relay (Fig. lc) . Preparing the vast number of oligonucleotides required for a complete experiment is laborious, time consuming and expensive (such as 10 6 oligonucleotides [if (1 -a) = 0.1] and 10 5 [if (1 -a) = 0.01]). Although still somewhat costly, this approach is now feasible.
In this paper, we tentatively apply random PCR-based genome sequencing (RGS) to the E. coli genome and discuss its advantage over conventional strategies. , that makes a library of X-digested genome DNA fragments (X = Sau 3AI or other). 3) and 4) PCR is performed using two species of primers: One primer (upstream) is specific to the site already sequenced by random PCR prior to PCR-relay and is also biotinylated at its 5'-end and the other primer (downstream), specific to the oligo-cassette (short hatched boxes). After separating PCR products by biotin-avidin binding, the resulting products are a series of X-partially digested DNA fragments of which one end is identical but the other is different. These are then directly used as templates for dideoxy terminal sequencing. (To read longer sequences, a longer fragment was isolated from a gel and cloned to make a sequencing template. Although cassette-to-cassette PCR products are abundant, they can be removed because they have no biotin tag.) 5) The primer that binds to the downstream-side adjacent to the upstream-primer binding site was used to select the correct PCR products. 6) Part of the sequence furthest downstream out of that immediately sequenced was selected and used as the sequence for the next upstream primer. We returned to stage 3 and repeated the process. See Materials and Methods for details. 
a Also used for PCR relay.
Materials and Methods
2.1. DNA E. coli (S26) DNA was conventionally extracted with phenol 21 after culturing in a Tryptone broth. The primers used for random PCR and PCR relay were as listed in Table 1 . The 5' terminal of an oligonucleotide was phosphorylated using T7 polynucleotidyl kinase (New England Biolabs).
Random PCR
Random PCR proceeded as described. 22 ' 23 Briefly, a reaction mixture of 100 fil contained 200 /xM dNTP (N = G,A,T,C), 10 mM Tris-HCl (pH9.0), 50 mM KC1, 2.5 mM MgCl 2 0.1% Triton X-100, 2 units of Taq DNA polymerase, 0.4 /j,M primer (each) and around 10~1 7 M E. coli genome DNA. PCR usually consisted of 40 cycles of 94°C, 30 sec; 28°C, 2 min; and 47°C, 2 min. Considerable caution was taken to avoid DNA contamination. All reaction mixtures that contained everything except template DNA were UV-irradiated prior to adding the template.
PCR relay
The complete process is shown in Fig. lc . E. coli genomic DNA (10 /xg) in 250 /A of digestion buffer was partially cleaved with the restriction enzyme SauSAI at 37°C for 15 min, incubated at 70°C for 15 min and phenol-extracted (Step 1 in Fig. lc) . The digestion products were then dissolved in a ligation buffer (500 fil) consisting of 66 mM Tris-HCl (pH 7.5) containing 6.6 mM MgCl 2 , 10 mM dithiothreitol, 0.1 mM ATP, 1 (M cassette DNA (P5+P6 in Table 2 ) and 1750 units of T4 DNA ligase (Takara Shuzo, Kyoto). The ligation reaction proceeded at 16°C for 16 hr, then was stopped by incubating at 70°C for 15 min. The products were extracted with phenol (Step 2). Using a single specific primer (Table 2 ) and a common primer (P6 in Table 2 ), PCR proceeded in 67 mM Tris-HCl (pH 8.8) containing 16.6 mM (NH 4 ) 2 SO 4 , 0.45% Triton X-100, 0.2 mg/ml gelatin, 2.5 mM MgCl 2 , 0.4 mM dNTP (N=G,A,T,C), 0.04 units/(^1 Taq DNA polymerase, 0.1 /iM primer (each) and 10~1 7 M digested E. coli genomic DNA (4/10000 equivalent amount of the above prepared) under PCR conditions: preheating (90°C, 30 sec), 35 x [denaturation (90°C, 30 sec) -annealing (54°C, 1 min) -extension (68°C, 2 min)] and final extension (70°C, 3 min). Our original protocol subjected the PCR products to a selection process based on a specific feature such as avidin-biotin binding. (For this purpose, some specific primers were 5'-biotinylated). However, this step was unnecessary in the current study because the amount of interfering products was quite small (Fig. 3b ). One or two major bands resolved by gel electrophoresis of the PCR products were selected, subjected to repeat PCR and sequenced.
2.4-Sequence analysis
DNAs generated by random PCR and PCR relay as described above were cloned in principle through M13 vectors and manually sequenced by conventional dideoxy chain termination (autoradiography) using the BcaBEST dideoxy sequencing kit (TaKaRa, Kyoto). We used Bacillus cardotenax YT-G DNA polymerase that has been genetically engineered to lose its 5'-to-3' exonuclease activity. About 20% of the fragments were custom sequenced using a DNA sequencer 377 (Applied Biosystems, Inc.). DNA sequences obtained by either random PCR or PCR relay were analyzed using the BLAST program under the Internet service (DDBJ) supported by the National Institute of Genetics (Mishima, Japan), where the entire E. coli genome sequence has been available since 1997.
Results

Random PCR
The reproducibility of random PCR has already been established. 19 We therefore demonstrate here that PCR products are genuinely derived from a megabase-sized template DNA {E. coli genome DNA) and that a combination of oligonucleotides serve this purpose.
All 10 sets of primers used for this experiment (single primers, S1-S4; double primers, D1-D6) generated DNA fragments that were sequenced and assigned to a portion of the E. coli genome ( Fig. 2a ). We identified partially complementary primings containing bulges and mismatches, which are consequences of random PCR 19 
Mapping and sequencing of the random PCR products, (a) Arrow heads indicate sites from which random PCR products were replicated. Random PCR products were generated with a single primer (PI, see Table 2 ) such as S1-S4, or with double primers such as D1-D6. D1-D5 are different random PCR products generated using the same pair of primers (P2 and P3). D6 is a product generated using the primers, P2 and P4. [Series of contiguous arrows represents sites where PCR relay (discussed in Fig. 3 ) was demonstrated.] (b) Estimated primer binding modes are shown for SI, S2 and D5. Similar modes were also found in the remainder (data not shown).
(examples are shown in Fig. 2b ). S4 consisted of 9% (107/1207) base substitutions (assuming no sequencing errors and excluding the effect of a 365 nucleotides sequence, which generated a protein similar to the yjhS gene product) in the sequenced regions (strain S26) compared with the database sequence (strain K12). These findings indicated polymorphism between the strains. Hetero-primer-pair-primed products were also confirmed by this experiment (D1-D6 in Fig. 2a) , showing that the combined use of primers is effective. What is strategically important about this finding is that the number of oligonucleotides required for a whole project can be significantly reduced since a combinatorial diversity of 5 x 10 7 can be attained by using only 10 4 types of oligonucleotides {n types of oligonucleotides generate heteroprimer pairs of n C2 (= n(n -l)/2)). Since the number of random PCR products depends on the experimental temperature, multiple products can be generated from a pair of primers by lowering the annealing temperature. This fact is also favorable for reducing the number of oligonucleotides used for RGS. The methodological advantage of RGS over the shotgun approach is discussed below.
PCR relay
The protocol for PCR relay is shown in Fig. lc . The basic notion of PCR relay has been elucidated by Shyamala and Ames, 20 Rosenthal and Jones 24 and Collasius et al., 25 although only one or two contiguous steps were described in these papers. The present study demonstrates that this method is applicable to multi-step walking against a megabase DNA. Figure 3 shows that all four groups of contiguous DNA fragments (17 species), arbitrarily selected from the E. coli genome, were in principle generated by single specific primer PCR. Some of these were further confirmed by sequencing (thick lines in Fig. 3a , and 3c-e), although minor non-authentic DNA fragments were occasionally observed (see Fig. 3b ). Since the tested regions were arbitrarily chosen, these data show that PCR relay is generally applicable even to such a large genome as that of E. coli. These results are promising, considering that only a single library of SauSAI restriction fragments was examined. Thus, the finishing problem of gap-filling can be basically solved by PCR relay without depending on established clones.
Discussion
When attempting to sequence over 90% of the total genome DNA solely by random PCR, this strategy resembles that of whole genome shotgun. 7 ' 13 ' 14 Since the directed phase is more costly than the random or the semirandom process, genomic DNAs should be sequenced by the latter process as much as possible. This problem has been addressed 26 and we found that over 90% of sequencing should be random, at least under current conditions (since they depend on the cost ratio of the random against the directed process). The divide-and-conquer strategy is associated with problems of making contigs and maps, as well as maintaining and distributing a huge number of clones. RGS as well as the shotgun strategy is free of these disadvantages. In addition, RGS has the other benefits as described below, which are not features of the shotgun approach.
The key advantage of RGS is that the oligonucleotides selected for random PCR can reproducibly extract a specific DNA fragment and that the fragment can be changed simply by altering the primers. This means The definitions used to make these figures ( Fig. 3c-e ) are the same as those in Fig. 3a except half arrowheads mean that the predicted PCR fragment spanning from the left (or right) end of the bar to the tip of the arrow head, was (solid line) or was not detected (dotted line) by gel electrophoresis. Regions represented by a thick line were sequenced and confirmed. In Fig. 3d , PCR relay proceeded in the reverse-direction. Anchoring sites (i.e., starting sites for PCR relay) are shown as empty boxes. D4-D6 are as described in Fig. 2 that DNA fragments can be specified and catalogued depending on the PCR primers and the gel-mobility of the fragments. The important technical advances are that any DNA fragment obtained by random PCR can be examined and the entire genome can be covered using relatively few oligonucleotides (order of 10 1 for human genome DNA). In addition, a primer for random PCR can be designed that has a lower probability of generating PCR products derived from the sequenced regions, since random PCR products can be predicted, and provided with the sequences of a template and primers. 19 In other words, sequencing redundancy can be reduced since the obtained information can help to select the most promising primers (see Appendix). Evidently, this feature is more valuable at the later stage of genome sequencing when the probability of hitting an unknown DNA is much reduced.
[We recently showed that the prediction of random PCR products can be very accurate even when a large genome such as that of E. coli is sequenced (data to be published)]. Of practical importance is that RGS needs only a small amount of genomic DNA owing to PCR amplification and does not require the maintenance and distribution of clones. Random PCR has the notable advantage of readily allowing world-wide collaboration since it does not require either preparative steps or initial investment. Worldwide results can be collected and united as a database that holds 'already sequenced regions' and 'primers used for random PCR.' This type of database can be built upon sequence data obtained by a various strategies without conflict or waste assuming the cell lines used are the same. This is one of the most important features of our strategy in terms of large scale, multinational collaboration. A center that distributes information (on correct primer sequences) and collects and processes the sequence information obtained is not difficult to establish since several sites are already performing an equivalent function. Each unit then, from a giant sequencing center to an individual scientist, can contribute to the project depending upon individual resources and capabilities.
The role of oligonucleotides in this study is crucial not only because random and specific types of PCR depends on oligonucleotides, but also because they serve the function of indexing entire genome sequences. Each DNA sequence determined via random PCR can be associated with the applied primer sequence and inversely, the same DNA fragment will be reproduced by random PCR using the primer and the template, which will be helpful for confirming sequences at the finishing stage. Random PCR-based genome sequencing is equivalent to separating whole genomic DNA (N bp) into fragments (/ bp in average) that can be totally retrieved (or catalogued) by a set of primers (the number of elements; ^2rN/ f . This is because the combined use of n kinds of primers generates n(n -l ) / 2 species of DNA fragments, whereas separating by conventional PCR requires 2rN/f primers, where r denotes redundancy in sequencing (-r folds of genome coverage). Ideally, human or bacterial genomes can be fragmented by a set of primers consisting of only 10 1 or 10 2 elements, respectively.
Steady advances in oligonucleotide synthesis technology allow the preparation of hundreds of oligonucleotides per day with the parallel operation of current DNA synthesizers. The synthesis rate is sufficiently high and fully compatible with a 3 year project requiring 10' species of oligonucleotides. (We devised a rapid and cost-effective way of preparing numerous species of oligonucleotides based on a tetramer library and enzymatic synthesis 2 '). In addition, technological progress such as stretching a read in sequencing help to conserve primers. As a result, the oligonucleotidc-dependent sequencing strategy (RGS) has become very potent.
Several problems are often encountered during human genome sequencing such as repeat sequences, polymorphism, introduction of artifact mutations (substitutions, deletions, insertions and rearrangements) and read errors in sequencing. These have recently been addressed in terms of whole genome shotgun.'' 8 All strategies including non-divide-and-conquer types cannot be totally free of these disadvantages. Regardless of the approach, tandem repeats require special measures to cope with them, and such measures have not yet generally been devised. 10 The assertion that the availability of more clones and subclones will be of considerable help in solving the tandem repeat problem seems plausible, but is groundless. We nevertheless believe that RGS is applicable to human genome sequencing, although much remains to be resolved. We already demonstrated that genome size does not impose particular problems upon genome sequencing from a stochastic viewpoint insofar as the finishing problem can be treated by a directed, rather than a stochastic 2fi process.
Both clone-by-clone and PCR-based technologies have specific weaknesses. The former cannot eliminate mutations once introduced, whereas the latter is rather errorprone. Although the sequence quality of individual sequencing is not so high due to the involvement of random and conventional PCR processes in RGS, this strategy can eventually produce a high quality output of the whole genome sequence owing to high redundancy (3-7 fold) in the coverage (to estimate this value, see our independent paper 26 ). Since PCR relay can ensure in principle, over 3-fold coverage at all sites of the whole genome, each site could be controlled below the error rate of 10~4, which is an official target value. 28 (Incidentally, if two independent sequencing trials generate the same results, then the final error probability becomes close to the product of each individual trial.) Therefore, sequencing redundancy, which is inevitably rather high in RGS, is helpful for correcting PCR-derivcd mutations. Eventually, both shotgun and random PCR approaches will take more advantage than disadvantage of redundancy as long as it is moderate." 6 Although the cost of each strategy remains difficult to estimate, we tentatively compared the cost of RGS with that of the clone-by-clone approach. Although several unknown factors make estimation difficult, the costs of these approaches do not significantly differ (data not shown), meaning that neither can be ruled out from the perspective of cost. However, RGS can reduce the redundancy effect in whole genome sequencing and can minimize the finishing problems and therefore must have the potential to be less costly than the shotgun and cloneby-clone approaches.
Recently, a clone-dependent strategy, limited seeding 1 ' [BAC-based shotgun strategy reinforced by sequencetagged connectors (STC 11 ) useful for generating contigs] was proposed to improve the conventional clone-by-clone strategy. In a sense, it is similar to our strategy in that it exploits the random process as much as possible. However, there is a great difference between limited seeding and RGS that the latter does not construct clone libraries. This is the critical difference between the two strategies and the fact that RGS does not depend on clone libraries, makes this strategy both feasible and attractive for world-wide cooperation.
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Appendix
Knowledge of part of the genome sequence can help increase the probability of hitting undetermined sequences in random PCR.
The deviation of the probability of hitting a target sequence for random PCR (p) from that for a shotgun process (ps) can be expressed as follows:
Ap=p-p s (al)
For convenience, we introduced the parameter named 'hit confidence (Chit)' as follows:
This parameter indicates that in a random process (p = p s ) there is no confidence (Chit = 0) of hitting a target sequence whereas there is full confidence (Chit -1) when p = 1. As shown in Fig. Al , a theoretical consideration about Chit can be made. If primer-binding (binding two facing primers to the appropriate sites) occurs in proportion to the size of the region sequenced or non-sequenced and directly leads to obtaining PCR fragments, the probability of obtaining an unsequenced DNA fragment can be expressed by a shotgun method, p s , and the probability by RGS, p, as follows: For example, Type 1 means that the PCR fragments are generated from the sequenced region (dark box with "+") but not from the non-sequenced region (non-dark box with "-"), for which the probability of occurrence is Pi. "+" denotes that random PCR fragments are generated while "-", not. <5 is the probability of generating no products under certain conditions. The scale shown below indicates the degree of sequencing and has no relation to the genome map. 
Since the value of S, the probability of obtaining no products (Type 4 in Fig. Al) , is operational and dependent upon the experimental temperature, this value can be reduced to levels such as 10~4 by lowering the annealing temperature. For convenience, if S = 10~6; a = 0.9; n = 5; then, C hi t = 0.91 and if S = 10" 4 ; a = 0.9; n -5, then Chit = 0.05. These results indicate that the probability of obtaining a non-sequenced DNA fragment in RGS can be increased, which is useful for reducing redundancy. Furthermore, by using the size-information of PCR products and selecting appropriately sized fragments for sequencing, the value of Chit (hit confidence) can be experimentally elevated.
